cAMP-response element binding protein mRNA
factors as society, economy, family, and human relations. The period of stress was prolonged for 6 weeks when animal models had been established. Calmodulin (CaM), an ubiquitous calcium sensor protein, is involved in almost all intracellular events. The Ca 2+ /CaM complex interacts with calcium/calmodulin-dependent protein kinase II (CaMKII). As the high-content protein in the hippocampus and the main ingredient of post-synaptic density(PSD), CaMKII is the molecular basis of learning and memory. 7 Cyclic adenosine 3',5-monophosphate (cAMP) response element (CRE) binding protein (CREB) regulates gene transcription by binding to CRE, and CaMKII can induce the phosphorylation of CREB. In this study, we investigated the effect of chronic multiple-stress on rats' learning and memory and the change of CaMKII, CaM mRNA and CREB mRNA levels in the hippocampus attempting to find out how CaMKII, CaM mRNA and CREB mRNA might participate in the learning and memory.
METHODS

Subjects and groups
Adult male Wistar rats weighing 150 g -200 g obtained from the Experimental Animal Center of Tongji Medical School, Huazhong University of Science and Technology were trained using Morris Water Maze (MWM, Chinese Pharmacological University, China). The animals with bad scores were excluded from the study and the rest were randomly divided into control and stressed groups (n = 24). These animals were normally fed with food and water at room temperature in a light/dark cycle of 12/12 hours.
Chronic multiple-stressed procedure in the stressed group This protocol of animal study has been described in detail. 8, 9 The rats in the stressed group were given four kinds of stressors for 6 weeks irregularly and alternately, and were rotated vertically with each cage holding only one rat (20-60 seconds every time at intervals of 4-10 minutes). Each rat was placed on the top of corresponding pillar of the deprived sleeping pool for 6 hours in daytime. Restraint was preformed by using binders for 6 hours per day in daytime. The rats were illuminated at night with a device controlled by timer for 1-1.5 hours at intervals of 10-15 minutes.
Spatial learning and memory testing
Spatial memory was measured by MWM according to the classic Morris protocol. 10 All animals were subjected to MWM tests on the day after the completion of multiple-stress procedure to obtain the scores of learning and memory. Actually, the tests were carried out for 3 consecutive days and 5 trails were performed in the morning each day at 15-minute intervals. The time for rats to find the platform within 60 seconds (escape latency) was recorded. But the experiment could be influenced by walking around the wall in animals. 11 Y-maze was also used to assess learning and memory accurately and objectively. The rats of the two groups were tested with Y-maze on the next day after completing MWM. They were given 2-3 minutes to be acclimatized to the circumstances and subsequently were subjected to electric shock with the same intensity and duration. It was a correct reaction for rats to escape to the safe area immediately. If the correct reaction in consecutive electric shock was more than 90%, rats were thought to be an acquisition. The experiment was performed for 3 consecutive days and the score on the third day was referred to as the acquisition. Correct ratio (%) = [the total number of correct reaction / the total number of electric shock (30 times)]×100%.
Immunohistochemical analysis of CaMKII
The rats from chronic multiple-stress and control groups were perfused respectively with a fixative containing 4% paraformaldehyde (n=8) (0.2% glutaric dialdehyde added for electron microscopy, n=8) in 0.1 mol/L phosphate buffer (PB), and then the brain tissues from the hippocampal area were taken out. The specimens for immunohistochemistry were sliced into 5 µm thick blocks. The procedure of streptomycin-avidin-biotin-peroxidase complex (SABC) was used. Monoclonal antibodies against CaMKII [1:200 dilution in 2% bovine serum albumin (BSA)] were purchased from Santa Cruz, USA, and both biotin-labeled goat anti-mouse IgG and SABC (1:200 dilution in 2% BSA) from Beijing Zhongshan Biotechnology Co., China. The areas CA1 and CA3 were measured at 12-slice intervals, and 4 slices from each rat were obtained. The gray values of immunoreactants in the hippocampal CA1 and CA3 sub-regions were measured in a field of the same magnification using HPIAS-10 000 Image (Huahai Co., China). 2% BSA was substituted for primary antibody in negative controls.
Synapse observed by electron microscopy
The specimens for electron microscopy were sectioned, fixed with 1% osmate acid at room temperature for 2 minutes, dehydrated with alcohol, cleared with propylene oxide, immersed into epoxy resin 812 (Epon812), embedded, polymerized, and stained with uranium acetic acid. The hippocampal CA3 region was observed with an electron microscope (JEM1010, Electron Co., Japan) (original magnification ×10 000 and ×40 000). For quantitative analysis, image-pro plus version 5.0.1.11 (Media Cybernetics Inc. USA) was used to measure the thickness of post-synaptic density (PSD) and the width of density cleft.
Hippocampal membrane protein and Western blot
The right part of hippocampal tissues (chronic multiple-stress and control groups, n=8) were homogenized and then centrifuged at 3 000 rpm for 5-10 minutes. The residua (20 μl) were transferred to 5×buffer B [5 ml buffer A (10 mg/ml PMSF; 50 mmol/L Tris-HCl, pH 7.4) + 10 µl 0.5 mol/L EDTA], homogenized, and then centrifuged at 10 000 rpm for 15 minutes at 4 o C. The supernatants were placed into buffer C (3 ml buffer A and 0.1 ml 30% Triton X-100). The concentration of protein was determined according to the Lorry method. CaMKII expression in membrane protein of the hippocampus was assayed by Western blot. 12 Each sample containing membrane protein (15 μl) was loaded to the bottom of each well. Monoclonal antibody against CaMKII (1:500 dilution in 5% non-fat dry milk in 0.01 mol/L PBS) was purchased from Santa Cruz Biotechnology, USA. Anti-mouse IgG diluted at 1:4000 and labeled with the horseradish peroxidase conjugate was bought from Beijing Zhongshan Biotechnology Co., China. Finally, protein signals were observed using an enhanced chemiluminescence system (ECL, Amersham, USA) on an X-ray film and analyzed on the gel image analysis system (Bio-Rad, USA). The levels of CaMKII expression were determined by calculating the density ratio of each band between the stressed and control groups.
Total mRNA from the hippocampus and reverse transcription-polymerase chain reaction
Total mRNA was extracted from the left part of the hippocampus according to the instructions of TRIzol kit (Invitrogen, USA). CaM mRNA and CREB mRNA in each tissue were determined by reverse transcription-polymerase chain reaction (RT-PCR). The primers designed by AuGCT-technology Company (Beijing, China) according to the serial number from Genbank were as follows: CaM: 5'-GGCATCCTGCTTTAGCCTGAG-3' (upper) and 5'-ACATGCTATCCCTCTCGTGTGAC-3' (lower); CREB: 5'-CACCCAGGCCTTCTCAATAG-3' (upper) and 5'-GCTGGCTAACTGAGGGTTCA-3' (lower); β -actin: 5'-CATTGCTGACAGGATGCAGA-3' (upper) and 5'-CTGCTGGAAGGTGGACAGTGA-3'
(lower). The lengths of amplified fragments were 328 bp, 325 bp and 118 bp, respectively. β-actin mRNA used as an internal control was co-amplified with CaM mRNA and CREB mRNA. The PCR products were observed after electrophoresis on 1.2% agarose gel, and the density of each band was analyzed on the gel image analysis system (Smartview 2001, Japan). The levels of CaM mRNA and CREB mRNA were determined by calculating the density ratio of each band between CaM mRNA and β -actin mRNA and between CREB mRNA and β -actin mRNA, respectively.
Statistical analysis
The scores of Y-maze were represented as a fourfold table and analyzed using χ 2 test for significant difference. In addition, quantitative data were expressed as mean±standard deviation (SD) and statistical analysis was performed using Student's t test for differences between groups. P<0.05 was considered statistically significant.
RESULTS
Behavioral measurements
The results of MWM test showed that the escape latency in the stressed group was shorter than that in the control group on day 2 and day 3 of the stressed period (P<0.05). It was especially significant on day 3 (P<0.01), but no significant difference was seen between both groups on day 1 (P＞0.05) ( Table 1) . The results of Y-maze test indicated that the rate of correct reactions in the stressed group was significantly higher than that in the control group (P<0.05) ( Table  2) . 
Electron microscope
In the hippocampal CA3 region of the stressed group (Fig. 1C,1D ), many synapses were observed. Their presynaotic and postsynaptic membranes were more distinct than those of the control group (Fig. 1A,  1B) . A large amount of electronic densities were distributed in the postsynaptic membrane, and a plenty of round synaptic vesicles were aggregated in the presynaptic ending. Quantitatively, the thickness of postsynaptic density increased more significantly and the width of synaptic cleft decreased more markedly in the stressed group than in the control group (P<0.01) ( Table 3 ).
CaMKII and quantitative analysis
CaMKII immunoreactants were widely distributed throughout the hippocampal region, and those in the somatic perikaryon, stratum radiatum (dendrite) and stratum oriens (axon) of the hippocampal CA1 and CA3 were stained strongly. Immunostaining of the stressed group was stronger than that of the control group in the stratum radiatum and oriens of the hippocampal CA1 and CA3 regions, especially in the stratum oriens ( Fig. 2) . Quantitatively, the gray values of the stressed group were decreased more markedly in the stratum radiatum of the hippocampal CA3 region than those of the control group (P<0.01), but did not change significantly in the stratum oriens (P>0.05). In the stratum radiatum and oriens of hippocampal CA1, the gray values in the stressed animals were lower than those in the control group, and the difference was statistically significant (P<0.05) ( Table 4 ).
Effect of chronic multiple-stress on CaMKII expression in membrane protein of the hippocampus
The molecular weight of CaMKII was 50 kDa, and the mean value of band densities of the control group was set as 100%. CaMKII expression of hippocampal membrane protein increased more significantly in the chronic multiple-stress group than in the control group (P<0.05) (Fig. 3) . 
Effect of chronic multiple-stress on the levels of CaM mRNA and CREB mRNA in the hippocampus
The levels of CaM mRNA and CREB mRNA were normalized withβ-actin mRNA level as an internal control. The levels of CaM mRNA ( Fig. 4 ) and CREB mRNA ( Fig. 5 ) increased more significantly in the chronic multiple-stress group than in the control group (P<0.01).
DISCUSSION
This study is intended to simulate various social-psychological stresses for people to standconsciously or unconsciously in modern times using four kinds of stressors. Previous findings indicated that acute stress could temporarily influence hippocampal functions, 13 whereas the effects of chronic stress on hippocampal functions were likely related to the type and time length of stressor exposure. Conrad et al 14 reported that 21-day chronic restraint stress could enhance spatial memory in females, but bring about an impaired effect in males. Others 15 proved that 5-week chronic stress could enhance learning and memory in adult male tree shrews. Our experimental results were different from those of these reports. In this study, the scores of learning and memory were not reduced but enhanced in the stressed animals as compared with the control group. Moreover, the scores of MWM test were in agreement with those of Y-maze test, indicating that the results of this study were reliable. Possibly, mild stressors and 6-week stresses get the animals accustomed to the stimulations performed alternatively. Besides, single stressor was used previously as restraint that impaired learning and memory in stressed animals, but in this study chronic multiple-stress formed by four kinds of stressors enhanced spatial memory. These findings demonstrated that monotonous and boring single stressor easily leads to mental fatigue and the impairment of leaning and memory, but deleterious stressors which could co-adjust and be used alternately might change into beneficial stressors under varied environmental conditions. CaMKII, as a molecular switch in mediating the all-or-none potentiation of synapses, is also capable of autophosphorylation in the absence of Ca 2+ , creating a lifelong memory molecule. 16 It was reported that mice knockouts for CaMKIIα could exhibit impaired spatial learning, but non-spatial learning remained unaffected. 17 Moreover, mice for a CaMKII-Asp-286 mutant rendering spatial learning deficient showed no deficits in other hippocampal-dependent tasks after water maze training. 18 Recent data indicated that autophosphorylated CaMKII could transfer to PSD after the learning process. 19 In this study, the distributions and levels of CaMKII found using SABC suggested that CaMKII as one of the PSD ingredients existed in excitatory synapses, for example, in axon-dendrite synapse. Using Western blot, we also tested the CaMKII levels in hippocampal membrane protein according to the fact that CaMKII occurs in PSD in the state of stress.
These results suggested that chronic stress exerted an enhancing effect on the expression of CaMKII. Since PSD consists of specialized cytoskeletal components in synapses containing several types of proteins and enzymes, changes in conformation and quantities of proteins and enzymes could lead to the alteration of PSD-thickness. 20 If the thickness of PSD is increased, greater efficiency of synaptic transmission might occur, i.e., the abilities of learning and memory could be enhanced. Synaptic cleft is the site where messages communicate between neurons, and it is augmented when the capacity of learning and memory is decreased. The results of electron microscopy in this experiment were consistent with those of SABC, supporting that chronic multiple-stress could make for the increase of learning and memory.
CaM is particularly abundant in the mammalian central nervous system (CNS). Early studies showed that CaM genes are transcribed in a gene-specific manner in the brain of mouse or rat. 21 In this study using RT-PCR, the levels of CaM mRNA in the stressed animals were higher than those in the control group. As a regulatory protein, CaM acts through its targeting molecules: CaMKII, i.e., CaMKII involves CaM mRNA delivery and its translation. Since CaMKII is involved in many neural activities, appropriate CaM levels are essential to enable the neuron to govern theses activities. In addition, CaM is also involved in the Ca 2+ -mediated regulation of gene expression such as CaMKII expression and plays a role in a signal transduction pathway in response to certain stimuli, especially in Ca 2+ -CaM-CaMKII. These data suggest that the levels of CaMKII and CaM mRNA are consistent. 22 CREB is a transcription factor that mediates the actions of the cAMP cascade by regulating gene transcription and protein synthesis. Hippocampus-dependent spatial memory is selectively impaired in CREB-knockout mice in MWM. 23 CREB phosphorylation at Ser 133 mediated by CaMKII can produce a marked effect, that is, gene transcription is activated by CREB in the hippocampus. 24 On the other hand, long-time activated Ca 2+ non-dependent CaMKII formed by CaMKII autophosphorylation can modify CREB at the post-translation level. 25 In recent studies, Ca 2+ influx resulted in the translocation of nuclear CaM and the increase of nuclear CaM content, which were associated with enhanced phosphorylation of the nuclear transcription factor CREB. 26 It was suggested that CREB was closely related to changes of CaMKII and CaM, which took place in a positive direction when learning and memory were enhanced by chronic multiple-stress.
Chronic multiple-stress could enhance the capacity of learning and memory of rats, but the mechanism is complicated. Since CaMKII is considered as one of the post-synaptic densities, the increase of CaMKII expression may be one of the causes for the enhancement of learning and memory induced by chronic multiple-stress. In addition, the increased levels of CaM mRNA and CREB mRNA (the upper and lower moderator of CaMKII) also influence the abilities of learning and memory indirectly.
